Background. One of the therapeutic methods used in stroke rehabilitation is magnetotherapy using extremely low frequency and variable pulse shape electromagnetic field (ELF-EMF).
Introduction
A large body of evidence confirms a relationship between oxidative stress and the development of neurological diseases, including cerebrovascular disorders such as stroke. 1 Epidemiological studies clearly indicate that ischemic stroke is characterized by high levels of oxidative stress biomarkers and by the insufficient activity of antioxidant defense mechanisms in the brain and peripheral tissues. The excessive neuronal production of reactive species and the accumulation of oxidative damage has been proposed as one of the major factors of brain stroke pathogenesis. 2 Brain damage following stroke is irreversible, but immediate and long-term rehabilitation helps improve neurotransmission and affects the mental and physical functions of the patients. One of the therapeutic methods used in stroke rehabilitation is magnetotherapy, which uses extremely low frequency and an electromagnetic field with various pulse shape quantities (ELF-EMF). This procedure is supplementary to the treatment for physical post-stroke rehabilitation. 3 Magnetotherapy is one of the physical methods characterized by non-invasiveness and a broad spectrum of applications, especially in osteoarticular diseases. Moreover, variable ELF-EMF reduces muscle tension and spasticity, increases muscle strength, and exhibits an analgesic effect. The therapeutic effect of ELF-EMF is associated with improving neurotransmission. It increases blood flow, which contributes to an increase of nervous tissue metabolism and has beneficial effects on regeneration. 4 There is little data on the effect of ELF-EMF on the level of oxidative stress, which is an important destructive factor in ischemic stroke. 5 Ischemic stroke is the result of the obstruction of cerebral vessels: a clot is formed and blocks an artery, which causes an interruption in the blood flow to a portion of the brain. After ischemia, the subsequent reperfusion is associated with a massive production of reactive oxygen species (ROS). An uncontrolled rise in ROS concentration leads to a series of radical reactions which increase the scope of damage to biological molecules. These highly reactive compounds readily react with lipids, proteins, carbohydrates, and nucleic acids. They induce changes in the structure and function of cell membranes, and they are responsible for the modifications of proteins, lipoproteins, enzymes, hormones, and genetic material. 6 In particular, cell membranes are the main target for ROS. The highly reactive products of lipid peroxidation lead to the decomposition of polyunsaturated fatty acids and the formation of the final products, including reactive aldehydes, such as malondialdehyde (MDA). MDA is one of the most popular and reliable markers that determine oxidative stress in the clinical stage. 7 Lipid peroxidation is accompanied by the inactivation of membrane enzymes and the disintegration of structural proteins. Reactive oxygen species are responsible for the oxidation of the polypeptide chain.
As a result of their oxidation, proteins undergo irreversible changes that rely on the creation of carbonyl or hydroxyl groups. These modifications lead to a fragmentation of the polypeptide chain, and an aggregation or formation of cross-links. The oxidative modifications of proteins are responsible for irreversible functional changes which are significant in both tissue damage and the impairment of the regeneration process. 8 Our study aimed to investigate the ELF-EMF treatment effects on the reduction of the oxidative damage of biomolecules after a stroke. To this effect, the changes in the level of oxidative stress markers were correlated with the clinimetric parameters of the patients. The impact of a standard series of ELF-EMF treatments on protein oxidative damage was evaluated based on the level of protein carbonylation and thiol groups. Furthermore, we examined the potential antioxidative effect of magnetotherapy on plasma lipid peroxidation by measuring the level of MDA and other thiobarbituric acid reacting substances (TBARS). The effect of ELF-EMF on the course of the patients' rehabilitation following ischemic stroke was evaluated with the use of the Activities of Daily Living scale (ADL), the Mini-Mental State Examination (MMSE), and the Geriatric Depression Scale (GDS). The differences in the values of clinimetric scale parameters before and after rehabilitation reflect the effectiveness of treatments by evaluating the motor ability and cognitive ability of patients.
Material and methods

Subject presentation
Fifty-seven patients following ischemic stroke were enrolled in the study. The patients were randomly divided into 2 groups: the ELF-EMF group (n = 23) and the non-ELF-EMF one (n = 34). From the ELF-EMF group, we excluded participants with metal or electronic implants. The ELF-EMF patients were exposed to ELF-EMF for 15 min with the following parameters: frequency -40 Hz, magnetic induction -5 mT, and waveform -bipolar, rectangular. The tests on the non-ELF-EMF patients were conducted only with placebo exposure. The area of operation of ELF-EMF was the pelvic girdle. Magnetotherapy was conducted according to the accepted guidelines using a Magnetronic MF10 (EiE Elektronika i Elektromedycyna, Otwock, Poland). Both groups of patients had the same rehabilitation program consisting of aerobic exercise for 30 min, neurophysiological methods for 60 min, and psychological therapy for 15 min. A total of 57 patients (study group age: 68.0 ±15.8; control group age: 70.9 ±15.3) with moderate stroke severity (study group National Institutes of Health Stroke Scale scores: 5.8 ±3.8; control group scores: 6.2 ±2.7) who agreed to participate were included in this analysis. Their clinical demographic characteristics are shown in Table 1 . The patients were followed-up with at Neurorehabilitation Ward III of the General Hospital in Łódź. They were undergoing neurorehabilitation for 4 weeks, and in that time they received no immunomodulators, immunostimulators, hormones, vitamins, minerals, or any other substances with antioxidative properties. Prior to the study, all the subjects had undergone medical check-ups including neurological and internist examinations. Blood samples were collected 3 times at an interval of 20 days: before treatment, after 10, and after 20 rehabilitation treatments using magnetotherapy and/or aerobic training. All blood samples were taken in the morning (between 7 am and 9 am) after fasting, and stored according to the same protocol. The Ethics Committee of University of Łódź, Poland approved the protocol (no. 28/2015). All participants provided written informed consent prior to participation. Depression was screened using the Geriatric Depression Scale (GDS), which is a reliable and sensitive indicator of post-stroke depression. 9 A trained psychologist researcher administered the GDS scale. The GDS, ADL, and MMSE were administered either on the same day as the blood draw or on the afternoon before.
Blood sample collection
Blood samples were collected in tubes containing Citrate Phosphate Dextrose Adenine Solution (CPDA1) and immediately centrifuged to isolate the plasma (15 min, 1500 g) at 25°C and stored in -32°C until further processing.
Determination of protein carbonyl groups
The protein carbonyl groups in the human blood plasma were detected using the ELISA method described by Alamdari et al. 10 The linearity of the ELISA method was confirmed by the construction of a standard curve ranging from 0.1 to 10 nmol carbonyl groups/mg of fibrinogen. Albumin is known to be a powerful antioxidant and its concentration in the plasma is significant. But the increase of acute phase proteins with high molecular weights, such as fibrinogen, requires important protein antioxidants to counteract the high amounts of reactive oxygen species under oxidative stress conditions. The high-molecular-weight antioxidant proteins are more suitable to prevent oxidation than albumin. 11 For this reason, in our study we used fibrinogen as the standard plasma oxidation protein. Moreover, fibrinogen exhibits higher adhesion to the plate than albumin. The amount of carbonyl groups present in fibrinogen was determined spectrophotometrically as described by Levine et al. The molar extinction coefficient of 2,3-diaminophenazine (OPD with horseradish peroxidase reaction product) at a wavelength of 490 nm is ε = 16170 M -1 cm -1
; its specific absorption value is a = 79.437 dm 3 g -1 cm -1 .
12
Estimation of thiol groups
Thiol groups in plasma proteins were determined using 5,5'-dithio-bis(2-nitro-benzoic acid) (Ellman's reagent, DTNB). 13 The thiol-disulfide interchange reaction between DTNB and a thiol compound is the basis of this spectrophotometric assay. The reaction results in a mixture of disulphides, accompanied by the release of 5-thio-2-nitrobenzoic acid (TNB), which is colorimetrically determined. The mixture of samples with DTNB was incubated (1 h, 37°C) and then the absorbance was measured at 412 nm. The concentration was calculated by using the molar extinction coefficient for TNB (ĺ = 13600 M -1 cm -1
) and based on a specific absorption of a = 68.297 dm 3 g -1 cm -1 .
Detection of thiobarbituric acid reactive substances
Lipid peroxidation was determined by the reaction with TBA following the method described by Placer et al. 14 The level of peroxidation was calculated on the basis of the molar extinction coefficient of malondialdehyde (MDA), a reliable marker of lipid peroxidation, which is condensed with TBA (ε = 1.56 × 10 5 M -1 cm
) and is based on a specific absorption of a = 2.273 dm 3 g -1 cm -1 and expressed in nmoles of MDA/mL of plasma.
Statistical analysis
All the experiments were performed in duplicate and results were calculated as mean values. For all the subjects, the values of experimental parameters before treatments were used as the output values (100%). The data obtained from the same subjects after appropriate treatment were expressed as a percentage of the output value. Values obtained in this way were expressed as a mean ±SD. All the statistical analyses were performed using the StatsDirect statistical software v. 2.7.2. The obtained results were analyzed for normality with the Shapiro-Wilk test. 15, 16 The significance of the differences between the values obtained for the patients before and after treatments was analyzed by the paired Student's t-test or Wilcoxon signed rank tests, depending on the normality; the significance of the differences between the ELF-EMF group and the control group, however, was analyzed using the unpaired Student's t-test or U Mann-Whitney test. To compare the clinical parameters in the ELF-EMF study group and the non-ELF-EMF control group, we assessed the changes in the GDS, ADL, and MMSE values after the appropriate treatment. These results were also analyzed for normality with the ShapiroWilk test. Depending on the result of this test, an unpaired Student's t-test or U Mann-Whitney test was used. We also performed correlation analysis between changes in both the biochemical and clinical parameters. For this analysis, we used Spearman's rank correlation and Spearman's rank correlation coefficient; moreover, we designated the probability of correlation. 17 For all analyses, the level of p < 0.05 was accepted as statistically significant.
Results
In our study, we determined plasma oxidative stress parameters in acute stroke patients. It is well-estimated that oxidative stress is significantly higher in stroke patients than in healthy people (data not shown).
We observed statistically significant differences in the decreased level of carbonyl groups (p < 0.001) (Fig. 1) and the increased level of thiol groups (p < 0.01) (Fig. 2) in plasma proteins of the patients who were rehabilitated using magnetotherapy. The reduction of oxidative stress markers was significantly greater with an increasing number of treatments (Fig. 1, 2) . The antioxidant effect of rehabilitation in the non-ELF-EMF control group undergoing only aerobic exercise was clearly weaker and not statistically significant (Fig. 1, 2) . Furthermore, our comparative analysis showed that all the measured parameters of oxidative stress are significantly reduced during rehabilitation with the use of both ELF-EMF and aerobic exercise, compared to the control group rehabilitated only by kinesiotherapy. We observed that the level of protein carbonylation was lower in the ELF-EMF group than in the non-ELF-EMF group, both after 10 treatments (18% vs 7%; p < 0.05) and after 20 sessions (36% vs 1%; p < 0.001). Similarly, in the study group, the level of thiol groups increased more than in the control group: after 10 treatments (16% vs 6%; p < 0.05) and after 20 (29% vs 0%; p < 0.01). Next, we determined the effect of magnetotherapy on lipid oxidative damage. The amount of TBARS produced in the plasma of patients after ELF-EMF therapy was significantly lower when compared to that in the plasma of patients without ELF-EMF treatments, both after 10 sessions (p < 0.001) and 20 (p < 0.001). The level of TBARS decreased significantly (up to 30%) with an increasing number of rehabilitation sessions in the ELF-EMF group, but did not change significantly in the non-ELF-EMF group (Fig. 3) .
In addition, we evaluated the impact of rehabilitation methods on the clinical effects, expressed in such clinimetric scales as the ADL, the MMSE, and the GDS. The ADL value in patients treated with ELF-EMF increased by about 25% compared with the control group (p < 0.01). For the MMSE, the increase in parameters between the ELF-EMF group and the non-ELF-EMF group reached about 35% (p < 0.05); the level of depression determined by the GDS was significantly lower in the group with magnetotherapy than in the group without it (the difference was up to 65%) (p < 0.001) ( Table 2 ).
The distribution of the results of the ADL, the MMSE, and the GDS deviated from the norm in the ELF-EMF group, so the method of Spearman correlation was used for analysis. The obtained correlation parameters (Table 3) indicated a significant positive correlation between thiol group concentration and ADL value. On the other hand, we observed a significant negative correlation between carbonyl group level and ADL value. Table 3 shows the statistically significant negative correlation between carbonyl group level and the MMSE score. Moreover, the correlation parameters indicated a significant positive correlation between carbonyl group level and GDS value. The detailed course of carbonyl group correlations are shown in Fig. 4 .
Discussion
It has been observed that during a stroke there is an increase in ROS production. Ischemia of brain tissue leads to depletion of the chemicals necessary for ATP synthesis, including glucose and oxygen. 18 This results in an inhibition of the activity of the membrane's sodium-potassium pump, membrane depolarization, and an influx of Ca 2+ into the cell. 19 Accumulated cellular calcium leads to the Table 2 . The clinical parameters of ADL, MMSE, and GDS measured in the ELF-EMF group and the non-ELF-EMF group. Data are presented as the delta of the clinimetric scale before and after the standard series of treatments (ΔADL -the increase of ADL; ΔMMSE -the increase of MMSE; and ΔGDS -the decrease of GDS) activation of many Ca 2+ -dependent enzymes (including proteases, nucleases, and NO synthase). This process is the basic mechanism of cell damage. On the other hand, it is the phospholipase A2 and cyclooxygenase that generate the production of free radicals. 20 During hypoxia/reperfusion, ROS are generated in the reaction of xanthine oxidase, which catalyzes the oxidation of hypoxanthine and xanthine to uric acid, leading to the generation of enzymes of superoxide anions and, consequently, hydrogen peroxide and the highly toxic hydroxyl radical. 21 Moreover, the mitochondrial electron chain associated with reductase and NADH cytochrome b5 plays an important role in the production of ROS. The auto-oxidation of adrenaline, noradrenaline, and thiol compounds also leads to superoxide anion generation. 22 The high metabolic and oxygen activity of the brain is particularly dangerous for proteins. ROS damage strategic amino acids, thus modifying the properties of proteins. What may occur under the action of ROS is oxidation of the polypeptide chain, as well as alteration of amino acid residues. This variation could lead to a fragmentation of the polypeptide, a formation of cross-linking, and changes in the structure of the amino acids, causing a loss of the most common biological function of the protein; it may also fulfill a regulatory function. 23 Ischemic stroke is one of the diseases which are directly life-threatening. It is caused by an obstruction of the brain or carotid arteries with embolic or thrombotic etiology, which leads to deficits in neurological function. The disablement and quality of life of patients is associated with motor disabilities. The neuromuscular dysfunctions responsible for such disabilities include apraxia, pain syndrome, limb spasticity, and urinary incontinence. 24 The cognitive problems causing disabilities include memory loss, speech impairment, poor problem-solving skills, and disorganized thoughts. Furthermore, a stroke is often accompanied by psychosomatic complications such as anxiety, depression, emotional instability, and fatigue. 25 All post-stroke patients should receive rehabilitation at an early stage of the disease. Active rehabilitation should be initiated immediately after the patient is stabilized. Although irreversible damage to the neurons occurs during a stroke, rehabilitation must be performed in order to restore the patient's fitness and return him or her to their pre-illness functional state or to adapt and achieve an optimal level of independence. The rehabilitation should deliver an improvement in practical activities and should include an improvement in cognitive impairment and changes in behavior. A preferred aspect of the rehabilitation process can be the inclusion of physical treatments such as magnetotherapy. 3 The application of extremely low frequency ELF-EMF is widely used in rehabilitation primarily because of its extensive therapeutic possibilities. There are well-documented applications of ELF-EMF in rehabilitation, which reduces muscle tension and spasticity, increases muscle strength, and demonstrates an analgesic effect. The therapeutic influence of ELF-EMF is associated with its effect on nerve transduction. ELF-EMF increases blood flow, which improves the metabolism of the nervous tissue and its regeneration. In many medical centers, the use of ELF-EMF remains at the experimental stage and is not a routine method for post-stroke treatment. However, there are reports that acknowledge the use of this method as a physical treatment in improving the condition of stroke patients. 26 In the literature, there are a few studies evaluating the effect of ELF-EMF on the redox system. 27, 28 Kurzeja et al. Fig. 4 . Regression plots for the delta of carbonyl group levels in the ELF-EMF group (the changes of concentrations before and after a standard series of treatments) and the delta of clinical parameters established on the basis of clinimetric scales read before and after therapy. A -carbonyl group levels and ΔADL; B -carbonyl group levels and ΔMMSE; C -carbonyl group levels and ΔGDS found a positive effect of ELF-EMF on the functioning of connective tissue in mice. They noted a decrease in the level of oxidative stress markers, with a simultaneous normalization of antioxidant enzyme activities. 27 Similarly, Sosnowski et al. showed a reduction in hydrogen peroxide concentration after the exposure of laboratory animals to ELF-EMF, as well as a normalization of antioxidant enzyme activities. 28 However, there are no data describing the in vivo ability of ELF-EMF to change the redox status of rehabilitated patients.
The aim of our study was to monitor the parameters of oxidative stress as well as the parameters assessing the patients' physical and mental improvement during rehabilitation with ELF-EMF. This study was designed to investigate the impact of ELF-EMF in comparison with classical rehabilitation using only kinesiotherapy.
The most common free radical process in the cell is a chain lipid peroxidation involving the oxidation of polyunsaturated fatty acid residues, which are part of membrane phospholipids and lipoproteins. 29 Peroxidation products undergo further transformations into fragments of different lengths.
The end products of the degradation of polyunsaturated fatty acids react with other lipids, thiol groups, amino groups of proteins, and nitrogenous bases of nucleic acids causing various effects, such as a change of antigenic protein properties, enzyme inactivation, and the inhibition of replication and transcription. 30 The human brain is composed of more than 60% lipids, and is particularly rich in membrane phospholipids with unsaturated fatty acid residues. Especially arachidonic acid and docosahexaenoic acid (DHA), which are the main source of polyunsaturated fatty acids in the brain, readily undergo peroxidation. In addition, the concentration of iron in some brain structures also accelerates the oxidation of lipids. The aldehyde products of lipid peroxidation may be covalently bound to a Michael reaction with the sulfhydryl groups of proteins or glutathione, reducing their concentration in the cell. 31 The effect of ELF-EMF on the level of oxidative stress in vivo was examined by Rauš Balind et al. 32 They noted positive consequences of applying ELF-EMF in gerbils with induced cerebral ischemia. In this study, the index of lipid peroxidation was examined in the forebrain cortex, striatum, and hippocampus. The results indicate a decrease of oxidative stress induced by global cerebral ischemia, and thereby a beneficial effect of ELF-EMF through the reduction of negative consequences which free radical species could have in the brain. 33 In our study, we investigated the change of lipid peroxidation level in the plasma of post stroke patients, after the application of ELF-EMF. Because plasma is a less invasive diagnostic material, we were able to monitor the levels of markers of oxidative stress in patients during stroke rehabilitation. The results presented here indicate that the level of plasma lipid peroxidation significantly decreases with an increasing number of magnetotherapy treatments and is over 40% lower than in patients rehabilitated by exercise alone (Fig. 4) .
In the present study, it was also first demonstrated that oxidative damage of plasma proteins in patients after post-stroke rehabilitation was inhibited, as evidenced by a reduction in the level of carbonyl groups (Fig. 2) and an increase in thiol group concentration (Fig. 3) . The antioxidant effects of ELF-EMF used in stroke rehabilitation can provide extremely important benefits due to major implications caused by ROS in the activity of regulatory proteins, which are especially dangerous in the metabolism of neurons. Highly reactive oxygen species impair the functioning of cascades of intracellular signals and modify responses to oxidative stress gene transcription factors by changing the conformation and/or oxidation of strategic amino acids. Proteins which are particularly sensitive to oxidative stress are thioredoxin and glutathione S-transferase. 34, 35 The damaged oxidative proteins in general lose their biological activity; they may form aggregates because they do not undergo ubiquitination, so they are not recognized by the proteasome. 36 In our previous studies, we showed that the potential ELF-EMF antioxidant mechanism is associated with a rise in the activity of the antioxidant enzyme. The ELF-EMF increases SOD and CAT activities and improves the effectiveness of post-stroke rehabilitation. Elevated SOD and CAT activities after surgery correlate with improved degrees of physical and mental disability based on the clinical scales used in research (the ADL, the MMSE, and the GDS). 37 A high level of oxidative stress is the cause of complications after stroke and, according to our research as well, it significantly affects the progress of the patient's rehabilitation process. 36, 37 In our study, we determined the correlation between the level of markers of protein damage and the degree of clinical effects in patients rehabilitated by EMF. In order to define clinical effects, we used clinimetric scales: the ADL, the MMSE, and the GDS. The ADL is a scale which indicates the patient's independence during basic and complex activities of daily living as well as his or her gait efficiency. ADL allows for a reliable assessment of the patient's situation, his or her nursing requirements and the need to adapt the environment according to the degree of his or her impairment. 38 We noted a positive correlation between increased levels of thiol groups and ΔADL (Table 3 ) and a negative correlation between the reduction of carbonyl groups and ΔADL (Fig. 5, Table 3 ). Our results suggest that under the action of ELF-EMF, the concentration of oxidative damage markers in plasma proteins is reduced, and thereby the independence of stroke patients is improved. The MMSE is used to evaluate abnormalities in the cognitive functioning of the patient and it determines the degree of dementia. Dementia is a serious problem after a stroke, characterized by numerous disorders of higher cortical functions (memory, thinking, orientation, comprehension, and learning ability). 39 We found a negative correlation between the changes in the level of carbonyl groups and ΔMMSE using magnetotherapy (Fig. 5 , Table 3 ). The size of the concentration gradient of carbonyl groups caused by magnetotherapy was negatively correlated with the growth of MMSE scores. This indicates that the level of oxidative protein damage is referenced not only in the physical functioning of the patients, but also in his or her cognitive functions. On the other hand, the GDS scale determines the level of post-stroke depression. It is the most common psychogenic disorder occurring after a stroke. There are some reports about the somatic cause of this disease, specifying the location of ischemia and changes in biochemical parameters, among other things. In our previous studies we identified the existence of a relationship between the level of oxidative stress and the occurrence of post-stroke depression. 40 We demonstrated a positive correlation between a reduction in the level of plasma protein carbonyl groups and in the degree of depression under treatment with ELF-EMF (Fig. 4, Table 3 ). Our results strongly support the hypothesis that rehabilitation using ELF-EMF has a positive impact on the improvement of the psychophysical condition of post-stroke patients, which is associated with a decrease in the level of protein oxidative stress parameters in vivo.
Conclusions
We emphasize that ELF-EMF significantly decreases the parameters of oxidative stress and improves the effectiveness of stroke rehabilitation. The level of changes in the concentration of plasma protein carbonyl groups correlates with the revised degrees of physical and mental disability determined by the 3 clinimetric scales used. Therefore, the plasma level of the carbonyl groups could be a marker for non-invasive evaluation of oxidative stress in vivo in the course of stroke rehabilitation, as well as a marker of the progress of the patient's recovery.
